ABSTRACT -One way to prevent soil degradation is to monitor its structural quality through physical attributes and indicators. Thus, the objective of this work was to identify parameters that can be used together with the S-index to assess the soil structural quality of Latosols-Distrophic Red Latosol (DRL) and Eutroferric Red Latosol (ERL)-cultivated with maize after traffic-induced compaction by agricultural machinery. The experiment was conducted in a randomized block design in split-plots, with five treatments and four replications for each soil class. The treatments were: T0 = conventional tillage without additional compaction; T1, T2 and T3 = one pass of a 4, 7 and 10-Mg tractor, respectively; T4 = three passes of a 10-Mg tractor. The water retention curve, density, porosity and S-index of the soil layers 0-0.1, 0.1-0.2 and 0.2-0.3 m were evaluated. The DRL presented similar S-index (0.035 to 0.037) in the T0, T1 and T2, and these S-index were connected to soil macroporosity. Most S-index of the ERL were above 0.035, except for T4 due to its higher soil density. The S-index can be used as a complementary parameter for maize height and soil macroporosity to evaluate the structural quality of DRL.
INTRODUCTION
The increase in agricultural mechanization and machinery operating capacity, and inadequate traffic intensity can cause damage to soil structure and plant growth. Compaction is one of the main causes of degradation of agricultural soils intensively and improperly managed, decreasing their productive capacity. The compaction of the soil increases soil density, reduces its aeration capacity and permeability to air and water, and mechanical resistance to the root system development. Therefore, the structural quality of the soil is essential to maintain the sustainability of agricultural systems.
The S-index developed by Dexter (2004) has been used to monitor soil quality. This index is calculated from the soil water retention curve (WRC), expressed by the structural porosity resulted from micro-slits, cracks, bio-pores and macro-structural pores that are formed due to the soil use and management for crops. The S-index makes it possible to identify the highest slope of the WRC. The higher this index, the better the pore distribution and size. According to Dexter (2004) , the limit between good and poor structural quality of soils of Poland and England is approximately 0.035. S-index < 0.020 with clay content of 40 to 730 g kg -1 indicates predominance of textural porosity, which is connected with poor soil physical conditions. However, these values do not refer to tropical soils. There is a great variation in the size of macro and micropores, so the pore space of the soil can be evaluated considering the bimodal distribution, with pores classified as inter-and intra-aggregated, representing structural and textural porosity, respectively. Structural pores are responsible for shelter living organisms, thus, they are essential for decomposition and cycling of organic materials in the soil. Moreover, structural pores improve the aeration for roots, and conduct and drain water in the soil, and textured pores increase water retention and availability (DEXTER et al., 2008) .
In the Cerrado biome in the Center-West and Northeast regions of Brazil, the S-index of 0.045 is an adequate limit between soils of good structural quality and those that tend to became degraded; and S-index ≤ 0.025 indicated soils entirely physically degraded. (ANDRADE; STONE, 2009) .
According to Cunha et al. (2011) , the S-index was adequate as indicator of the physical quality of a Distrophic Red Latosol under conventional and no-tillage system, with a significant and negative correlation of S-index with soil density and microporosity, and positive correlation of macroporosity with total porosity and soil organic matter content. According to Rossetti, Centurion and Sousa Neto (2013) , the S-index should not be recommended as a singly indicator of soil physical quality. This was also reported by Lier (2014) , who explains that the estimate of soil quality based on S-index is questionable.
In this context, the objective of this work was to identify parameters that can be used together with the S-index to assess the soil structural quality of Latosols-Distrophic Red Latosol (DRL) and Eutroferric Red Latosol (ERL)-cultivated with maize after traffic-induced compaction by agricultural machinery.
MATERIAL AND METHODS
The experiment was conducted in Jaboticabal SP, Brazil (21°14'05"S, 48°17'09"W and altitude of 615 m). The climate of this region, according to the classification of Köppen, is Cwa, with hot summer and dry winter. The region has average annual precipitation of 1.428 mm and annual average temperature of 21º C.
The two soils were classified according to Santos et al. (2013) . The first as typical kaolinitic hipoferric Distrophic Red Latosol of medium texture, moderate A horizon, and source material derived mainly from sandstones of the Bauru Group in its highest and flat portions, with 348 g kg -1 of clay, 598 g kg -1 of sand, 54 g kg -1 of silt, and density of 2.89 in the layer 0.0-0.2 m (DRL); and the second as typical kaolinitic oxidic Eutroferric Red Latosol of clayey texture, moderate A horizon, and source material derived mainly from altered products of basalts (Serra Geral Formation) underlying the sandstones, with 560 g kg -1 of clay, 240 g kg -1 of sand, 200 g kg -1 of silt, and density of 2.74 Mg m -3 in the layer 0.0-0.2 m (ERL). A conventional tillage (depth of 0.30 m) followed by a leveling harrowing was carried out before the experiment implementation.
The experiment was conducted in a randomized blocks design in split-plot with five treatments and four replications for each soil class. The treatments were: T0 = conventional tillage without additional compaction; T1, T2 and T3 = one pass of a 4, 7 and 10-Mg tractor, respectively; T4 = three passes of a 10-Mg tractor. Each passing of the tractor for soil compaction consisted of passing the wheels of the tractor over the whole surface of the plot. A native forest area (NFA) was used as control treatment to evaluate the soil physical attributes of the DRL and ERL. The subplots consisted of the soil layers: 0.0-0.1; 0.1-0.2 and 0.2-0.3 m. The treatments were implemented in November 2012, when the soil water content was close to the field capacity in the layer 0.0-0.2 m (EMBRAPA, 2011).
The tractor used for T1 had a 56-kW (70-hp) motor, front tire (R1) pressure of 83 kPa and rear tire (R1 18.4-30) pressure of 96 kPa, traction 4x2, and weight of 4 Mg-30% in the front and 70% in the rear wheels. The tractor used for T2 had a 77-kW (105-hp) motor, 4x2 traction with auxiliary front wheel drive, and weight of 7 Mg-40% in the front and 60% in the rear wheels. The tractor used for T3 and T4 had a 105-kW (143-hp) motor, 4x4 traction, radial (L-3) tires (17.5 R25), a front loader, and weight of 10 Mg with the empty loader. These tractors were operated at speed ≤ 5 km h -1 , with tires calibrated and in good conditions.
Maize sowing was carried out in December, 2012, using the simple hybrid Maximus, using a no-till seed cum fertilizer drill with five rows spaced 0.90 m apart. The experimental plots consisted of five 6-m sowing rows and the 3 central meters of the three central rows were used for evaluation.
Chemical analysis was performed in the soil layer 0.0-0.20 m ( VAN RAIJ et al., 2001) (Table 1) . The sowing fertilization consisted of 340 kg ha -1 of the formulation 8-28-16 (N-P-K), aiming a maize yield of 6 to 8 Mg ha -1 . Side-dressing was performed at the V6 stage of the crop with 250 kg ha -1 of the formulation 20-0-20 (N-P-K), with the same seed cum fertilizer drill used in sowing. Cultural practices were carried out with the same tractor used in T2, with soil water content close to the field capacity. Richards' chambers (DANE; HOPMANS, 2002) . They were then weighed, and dried in an oven at 105º C for 24 h to determine their water content at each tension, and density (GROSSMAN; REINSCH, 2002). Microporosity was determined by drying at a tension of 0.01 MPa and macroporosity by the difference between total porosity and microporosity (FLINT; FLINT, 2002) . The tension of 1.5 MPa was evaluated by a WP4-T Dewpoint Potential Meter thermocouple psychrometer.
The results were then fitted to the soil water retention curve ( VAN GENUCHTEN, 1980) using the Soil Water Retention Curve (SWRC) program (DOURADO NETO et al., 2001) . the S-index, tangent to the soil water curve at the inflection point, was determined based on the parameters obtained (DEXTER, 2004) .
After the grain physiological maturity, the plant height-soil surface to the point of inflection of the flag leaf-and grain weight were evaluated in 10 plants per plot. Maize grain yield was presented in Mg ha -1 , with grain moisture corrected to 13%. The results were then subjected to analysis of variance using the software Assistat 7.7 beta; and significant means were compared by the Tukey's test (p<0.05). Linear regression analyzes were conducted to assess the correlation of the S-index with soil density, macroporosity, and plant height. The S-index can not be used singly; thus, the soil and maize parameters that can be used together with this index to evaluate the soil structural quality were identified. The S-index and other soil and plant parameters were also evaluated through multiple regression using the software Statistica 7.0.
RESULTS AND DISCUSSION
The tractor traffic changed the soil density (SD), with greater intensity in the subsurface layers (0.1-0.2 and 0.2-0.3 m). Increases in compaction from the layer 0.0-0.1 m were observed in T1 (one pass of a 4-Mg tractor), T3 (one pass of a 10-Mg tractor) and T4 (three passes of a 10-Mg tractor) in the DRL; and in T0 (conventional tillage, without additional traffic), T1, T2 (one pass of a 7-Mg tractor) and T3 in the ERL (Table 2) . Thus, the previous use of a leveling harrow after soil scarification may have favored the formation of physical barriers below the soil layers affected by the implements. The subsurface layer continued to compact with increasing tractor traffic. The difference in the compaction of the soils was due to the lower density of the ERL (2.74 Mg m -3 ) compared with the DRL (2.89 Mg m -3 ). This result confirm that found by Reichert et al. (2009) through analysis in a literature database: the critical soil density decrease with increasing clay content. Therefore, the SD of the native forest area (NFA) were lower in all layers compared to all treatments with soil management in both soils. The susceptibility to compaction in the natural environment (NFA) is smaller compared to crop areas due to its high organic matter (OM) ( Table 1) . The presence of OM in the soil results in dissipation of part of the applied energy by the tractor.
Moreover, the plant diversity in areas with natural vegetation is usually high, with a consequent high diversity of other living organisms in the soil, which contributes to the development of pores and reduce the density of the soil. Table 2 . Density, macroporosity and microporosity of different layers of a Distrophic Red Latosol (DRL) and an Eutroferric Red Latosol (ERL) subjected to different traffic intensities, and under Native Forest. T0 = conventional tillage without additional compaction; T1, T2 and T3 = one pass of a 4, 7 and 10-Mg tractor, respectively; T4 = three passes of a 10-Mg tractor. NFA: native forest area. (1) Coefficient of variation referring to the treatments (plots). (2) Coefficient of variation referring to the layers (subplots). Means followed by the same letter do not differ by the Tukey's test (p<0.05); uppercase letters compare treatments in the rows, and lowercase letters compare layers of the same treatment in the columns, uppercase italics letters compare averages of treatments and lowercase italics letters compare averages of layers; Ns = not significant; and **= significant (p<0.01). Bergamin et al. (2010) found an increase in SD in the layer 0.0-0.1 m of a clayey dystrophic Red Latosol after two passes of a 5-Mg tractor in a no-tillage area, with no increases in SD after increasing the number of passes to four and six. The additional compactions presented increases in SD in the surface layer from T3 in the DRL, and T4 in the ERL. This result can be attributed to the organic matter and clay content in the ERL, which more efficiently resisted to the traffic intensity with the 10-Mg tractor than the DRL.
The similar SD between T0 and most treatments with additional compaction in the surface layer of both soils may be explained by the soil sampling time, which occurred one month and 10 days after sowing. The changes in the SD of the ERL due to machinery traffic (T4) resulted in a reduction of 34.5% in the macroporosity in the layer 0.0-0.1 m. In the layers 0.1-0.2 and 0.2-0.3 m, the volume of macropores in the ERL of the treatments was similar, regardless of the number of passes and weight of the tractors. Servadio et al. (2005) found different results, with decreasing macroporosity in these layers with the tractor passes compared to areas without traffic.
The results found for the ERL confirm that reported by Freddi et al. (2009) ). The OM in the DRL of the NFA was different from that in the treatments with soil management. The reduction of the macroporosity in these treatments was probably also due to the soil compaction by the tractors.
There was no interaction of the treatments and layers with microporosity in the ERL, nor of macroporosity and microporosity in DRL (Table 3) . The DRL in T3 and T4 had the lowest values of macroporosity, compared with the other treatments, with a decrease in subsurface. The microporosity of both soils was not sensitive to the changes caused by the traffic of the tractors nor to the conventional tillage. This result can be explained by the strong correlation of the soil microporosity with soil texture and organic matter content, and week correlation with the increase of SD originated from the machinery traffic.
The highest water retention in DRL in the treatments with soil management were found in T2 and T1 (0.0-0.1 m), T0 (0.1-0.2 m) and T0 and T2 (0.2-0.3 m), at tensions of 0.01 MPa (Figure 1) . The water retention curve (WRC) in ERL was higher in T1 (0.0-0.1 and 0.2-0.3 m) and T3 (0.1-0.2 m). Thus, the WRC followed the trend DRL < ERL, and are directly related to the OM content (Table 1) , which determine changes in pore quantity and distribution. The higher WRC at low tensions for the oxidic ERL compared with the kaolinite DRL is mainly due to the oxidic mineralogy of the clay fraction, which promotes the formation of rounded microaggregates of less than 1 mm, higher proportion of large pores, and lower SD. Conversely, Betioli Júnior et al. (2012) found a positive relationship between WRC and SD in a Red Latosol managed over 30 years under no-tillage.
The treatments T0, T1 and T2 presented similar S-index values (0.035 to 0.037) in the DRL (Table 3) When three passes of the 10-Mg tractor (T4) was used in the DRL, the S-index did not changed. Therefore, the reduction of S-index with T3 and T4 in the DRL may be connected to the decrease of the peak of pore frequency distribution, resulting in a vertical flattening of the WRC by the reduction of the structural pores (DEXTER, 2004) . Moreover, a S-index < 0.020 indicates extremely degraded physical structure (DEXTER, 2004) . The results of the S-index in the treatments and layers evaluated encompasses the macroporosity of this soil.
Mean S-index close to 0.020 were also found by Cavalieri et al. (2011) in a Red Latosol of medium texture up to 0.40 m depth after mechanized harvest of sugarcane. Souza (2012) found a higher S-index (0.048) in a clayey Dystroferric Red Latosol subjected to traffic of a 6.8-Mg tractor-similar results were found in T0 and T2 in the ERL evaluated in this study-however, their S-index for three and six passes were 0.032 and 0.029, respectively.
Most S-index in ERL were above 0.035, except in T4 (0.026) due to the high SD in the layers 0.0-0.1 and 0.1-0.2 m. The S-index of T0 (conventional tillage) in ERL was similar to those of the treatments that received a lower weight of compaction (T1 and T2), and T3. The S-index in the T0 and T2 of the ERL were above 0.045, which is considered the most suitable limit for tropical soils (ANDRADE; STONE, 2009). The S-index of the ERL showed no significant differences, and significant differences in SD, between layers.
Rev. Caatinga, Mossoró, v. 31, n. 2, p. 455 -465, abr. -jun., 2018 460 The highest S-index were found in the native forest, both in DRL (0.059) and ERL (0.071). Thus, the area without anthropic action had better physical quality than the managed areas. According to Araújo (2014) , a native forest also presented a higher S-index (0.121 to 0.125) in a Ultisol when compared to cultivated areas. This author attributed this result to a better pore configuration, which cause less physical restriction for root growth related to aeration, mechanical restriction and water retention. Guedes et al. (2012) confirmed that high S-index was obtained in forest area of Yellow Latosol, regardless of the layers evaluated. Moreover, Cunha et al. (2012) also found a structural quality of soil under native forest superior to the cultivated soil. Table 3 . S-index in different layers of a Dystrophic Red Latosol (DRL) and an Eutroferric Red Latosol (ERL) subjected to different traffic intensities, and under native forest. T0 = conventional tillage without additional compaction; T1, T2 and T3 = one pass of a 4, 7 and 10-Mg tractor, respectively; T4 = three passes of a 10-Mg tractor. NFA: native forest area.
(1) Coefficient of variation referring to the treatments (plots). (2) Coefficient of variation referring to the layers (subplots). Means followed by the same letter do not differ by the Tukey's test (p<0.05); uppercase letters compare treatments in the rows, and lowercase letters compare layers of the same treatment in the columns, uppercase italics letters compare averages of treatments and lowercase italics letters compare averages of layers; Ns = not significant; ** = significant (p<0.01). The mean S-index of the three layers of the cultivated soils (0.0-0.1, 0.1-0.2 and 0.2-0.3 m) was significantly correlated with their SD, macroporosity and maize height in both soils (Figures 2 and 3) . However, the regression with maize yield was not significant (in DRL = 0.8727 + 522.82 − 8686.8 S Negative regression of SD with S-index (r = -0.75 and p <0.01) was also reported by Silva et al. (2012) in a clayey DRL, confirming the results found in this study. These authors emphasized the sensitivity of this index to soil structural change, even though it is very small, and concluded that the S-index is a good tool for monitoring soil physical quality. Yang et al. (2015) also showed a negative linear correlation between S-index and SD (1.35 to 1.55 Mg m -3 ) in soil samples (150 to 350 g kg -1 clay) collected in northern China, but with low R 2 (0.02), which may indicate a lack of correlation between these parameters; and the SD was considered less important than the clay content.
Considering the limit
S-index of
Dexter (2004) (S-index = 0.035) for soils with good structural quality, the limit values were based on the regression equation in Figure 2 , with SD = 1.59 (DRL) and 1.54 (ERL) Mg m -3 , and macroporosity = 0.156 (DRL) and 0.099 (ERL) m 3 m -3 . The limit S-index proposed was similar to the minimum condition of macroporosity for the growth and development of the maize roots in the ERL.
According to Freddi et al. (2009) , S-index below 0.035 promote significant decrease in maize yield under soils with tractor-induced compaction. However, a different limit value was found by Beutler et al. (2008) , who observed that the maize yield decreased in conditions of intensive agricultural machinery traffic from S-index = 0.062 in DRL. According to the estimated means of positive and significant regressions, the height of maize with S-index = 0.035 in DRL (2.01 m) was higher than that in ERL (1.60 m) (Figure 3) , even with higher values of SD, because of its predominant mineralogy, and higher sand content (598 g kg -1 ) and density (2.89 Mg m -3 ). The T0 in the DRL presented the highest maize yield (Table 4) , even though its SD was similar to some other treatments with tractor-induced compaction. This SD was due to the soil sampling period-40 days after sowing. The results of T0 is attributed to the benefit of soil preparation and favorable meteorological conditions-rainfall during the crop cycle. Table 4 . Maize yield and height in a Dystrophic Red Latosol (DRL) and an Eutroferric Red Latosol (ERL) subjected to different traffic intensities. T0 = conventional tillage without additional compaction; T1, T2 and T3 = one pass of a 4, 7 and 10-Mg tractor, respectively; T4 = three passes of a 10-Mg tractor. NFA: native forest area. Means followed by the same letter do not differ by the Tukey's test (p<0.05); ** = significant (p<0.01). The maize yield in ERL decreased with the soil compaction in T3 and T4 when compared to the T0 and T1. In DRL, the different induced soil compaction did not affected maize yield. The absolute maize yield in ERL was higher than in DRL due to its higher OM (Table 1) and clay content, which favored water adsorption. The lowest maize height (Table 4) were found in T3 and T4 in DRL, and also in ERL (with T2 similar to T3). This indicates that the plants in soils with additional compaction had limited grow.
The maize yield response in ERL was not affected by the correlation between S-index and macroporosity in T4. According to Moncada et al. (2015) , there was no direct relationship between high or low S-index with grain production, in temperate and tropical soils of medium texture with good condition or limited conditions, respectively. These authors reported that the proposal of a critical reference S-index is not generally valid nor even applicable for all soil classes.
According to Lier (2012) , the use of S-index as an indicator of soil structural quality needs caution, since in absolute terms it does not determine the soil physical quality. This result was also found by Rossetti, Centurion and Sousa Neto (2013) . Anghinoni, Carvalho and Costa (2013) found that the tools currently used to evaluate soil physical quality are insufficient for soils under agricultural processes. According to Lima et al. (2014) , the S-index can be used as a complementary parameter for the soil morphological description in the field.
The finding of Silva et al. (2012) that the Sindex is a good diagnostic tool to evaluate soil structural quality, must be analyzed under specific criteria; as well as the reports of Cavalieri et al. (2011) , who indicated the use of S-index for soil physical quality evaluation base on similar results of S-index to other established index, the optimal water range. Even in view of the uncertain efficiency of the S-index, Yang et al. (2015) considered it as an indicator of soil physical quality. They found a mean S-index of 0.77 in the northern China basin and classified it as indicative of good soil quality. From the Lier (2014) , research efforts in soil physics should shift towards the mechanistic soil physics, to the detriment of the search for empirical correlations such as S-index, which currently represents much more than it should in the soil physics of in Brazil.
According to Table 5 , the macroporosity and maize height in DRL are possible parameters to be used together with the S-index to evaluate soil quality. Table 5 . Multiple regression analysis of the dependent variable: S-index of a Dystrophic Red Latosol (DRL) and an Eutrophic Red Latosol (ERL) subjected to different traffic intensities (N = 60). DRL: r = 0.792; R 2 = 0.628; R 2 adjusted = 0.594; F (5.54) = 18.29; p<0.000; Estimated standard error = 0.009. ERL: r = 0.568; R 2 = 0.333; R 2 adjusted = 0.261; F (5.54) = 5.168; p<0.0006; Estimated standard error = 0.012. Ns = not significant; *= significant (p<0.05), and **= significant (p<0.01).
No parameter of the soil or maize plant is useful for analyzing soil quality together with the S-index in the ERL. Therefore, for the choice of complementary parameters to S-index to compose a set of soil quality indicators it is recommended to consider specific characteristics, such as mineralogy, texture and OM content in this soil class.
CONCLUSIONS
The S-index can not be used as an indicator of structural quality for Eutroferric Red Latosol.
The S-index can be applied in the evaluation of soil structural quality as a complementary parameter to maize height and macroporosity in Dystrophic Red Latosol grown with maize, after 
